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The objective of this work enclosed with the study of spatially homogeneous anisotropic
Bianchi type-I universe in f(R, T ) gravity (where R is the Ricci scalar and T is the trace
of stress energy momentum tensor) in two different cases viz. f(R, T ) = R+ 2f(T ) and
f(R, T ) = f1(R)+f2(T ) with bulk viscosity matter content. In this study, we consider a
time varying deceleration parameter, which generates an accelerating universe to obtain
the exact solution of the field equations. The physical and kinematical properties of
both the models are discussed in detail for the future evolution of the universe. We have
explored the nature of WEC, DEC, SEC and energy density for both the cases. We have
found that both the models, with bulk viscosity matter component, show an acceleration
of the universe. We have also shown that the cosmic jerk parameter is compatible with
the three kinematical data sets.
Keywords: LRS Bianchi type-I space-time; f(R, T ) gravity; bulk viscosity; deceleration
parameter.
1. Introduction
The revolution in the understanding of the present universe has become possible
due to the research in observational cosmology in the past two decade. Recent
observational data from Plank collaboration [1], Baryon Oscillation Spectroscopic
Survey (BOSS) [2] and Atacama Cosmology Telescope Polarimeter (ACTPol) col-
laboration [3] provides relevant experimental evidence about the acceleration of our
universe. In the last century, modern cosmology reached a new vision to establish
considerable advancements in the account of the current accelerated expanding uni-
verse. The two crucial observational groups including Supernovae cosmology project
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and the high-redshift Supernovae search team have provided the main evidence for
the cosmic acceleration of the universe [4,5,6,7,8,9]. The other cosmic observations
like cosmic microwave background (CMB) fluctuations [10,11], large-scale struc-
ture (LSS) [12,13], cosmic microwave radiation (CMBR) [14,15] indicate that the
present universe is undergoing an accelerated expansion. It is also believed that the
universe changed with time from early deceleration phase to late time acceleration
phase [16]. Now, a team of scientists led by Professor Subir Sarkar [17] has raised
the question on this standard cosmological concept about the acceleration, which
is also supported by Shariff et al. [18].
The two promising approaches confirmed by the cosmological research community
for discussing the cosmic expansion of the universe are:
The first one is the introduction of the most exotic entity of mysterious universe
dubbed as dark energy, which has positive energy density and negative pressure.
Recently, from plank cosmological results and Wilkson microwave anisotropic probe
(WAMP) 9 years results [19], it may be concluded that the universe embodied with
68.5% dark energy, 26.5% of dark matter and 5% of baryonic matter. Dark energy
can be represented either in terms of cosmological constant or by the help of equa-
tion of state parameter (EOS) ω = pρ , where p is the pressure and ρ is the energy
density.
The second approach to picturize the evolution of the universe is a modified version
of Einstein’s field equations of general relativity, which can be established through
the Einstein-Hilbert action principle. In this process, the matter Lagrangian is re-
placed by an arbitrary function. Thereafter, these modified theories become most
attractive aspirant to observe the accelerated expansion of the universe as well as
the effective causes related to dark energy.
In addition, it has been postulated that the standard Einstein-Hilbert action is
modified by an arbitrary function f(R), where R is Ricci scalar curvature. The
f(R) gravity become an adequate theory to provide the gravitational alternative
for dark energy and about the early inflation plus late-time cosmic acceleration of
the universe [20,21,22,23,24,25,26,27]. In 2007, the f(R) gravity theory is restruc-
tured by merging the matter Lagrangian density Lm with initial arbitrary function
of the Ricci scalar R [28]. The unification of dark energy and early time inflation
with late time acceleration from f(R) theory to all Lorentz non-invariant theories
is discussed by Nojiri and Odintsov [29]. Through continuation of this work of cou-
pling, in 2011, Harko et al. [30] proposed a new modified theory named as f(R, T )
theory, where the gravitational part of the action still depends on the Ricci scalar
R like f(R) theories and also a function of trace T . It is suggested that due to the
matter-energy coupling, the leading model of this theory depends on source term
representing the variation of energy-momentum tensor. Indefinitely many modified
gravitational theories such as f(G) gravity, f(R,G) gravity, and f(T ) gravity etc.
were developed to achieve the accelerated expansion of the Universe. Myrzakulov et
al. [31] have investigated the inflation in f(R,φ) theories of gravity where the scalar
field is coupled with gravity. Sebastiani and Myrzakulov [32] have briefly reviewed
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various f(R) gravity models for inflation, in particular, Starobinsky-like inflation.
After that, f(R, T ) gravity become most prominent theory for investigating the
fate of the late time accelerating expansion of the universe. A phase transition
also occurred from matter-dominated era to an accelerated phase during the re-
construction of f(R, T ) gravity theory [33]. In the context of common perfect fluid
matter, an axially symmetric cosmological model was constructed in the framework
of f(R, T ) gravity [34]. In f(R, T ) gravity theory, many cosmological models can be
constructed changing choices in matter source. Sahoo and Mishra [35] constructed
Kaluza-Klein dark energy model by considering the wet dark fluid matter source.
Recently, Moraes et al. [61] derived the Starobinksy model in f(R, T ) gravity.
By considering the metric dependent Lagrangian density Lm, the respective field
equation for f(R, T ) gravity is formulated from the Hilbert-Einstein variational
principle in the following manner:
S =
∫ √−g( 1
16piG
f(R, T ) + Lm
)
d4x (1)
where, Lm is the usual matter Lagrangian density of matter source, f(R, T ) is an
arbitrary function of Ricci scalar R and the trace T of the energy-momentum tensor
Tij of the matter source, and g is the determinant of the metric tensor gij . The
energy-momentum tensor Tij from Lagrangian matter is defined in the form
Tij = − 2√−g
δ(
√−gLm)
δgij
(2)
and its trace is T = gijTij .
Here, we have assumed that the matter Lagrangian Lm depends only on the metric
tensor component gij rather than its derivatives. Hence, we obtain
Tij = gijLm − ∂Lm
∂gij
(3)
By varying the action S in Eq. (1) with respect to gij , the f(R, T ) gravity field
equations are obtained as
fR(R, T )Rij − 1
2
f(R, T )gij + (gij−∇i∇j)fR(R, T )
= 8piTij − fT (R, T )Tij − fT (R, T )Θij (4)
where,
Θij = −2Tij + gijLm − 2glm ∂
2Lm
∂gij∂glm
(5)
Here, fR(R, T ) =
∂f(R,T )
∂R , fT (R, T ) =
∂f(R,T )
∂T ,  ≡ ∇i∇i where ∇i is the covariant
derivative.
Contracting Eq. (4), we get
fR(R, T )R+ 3fR(R, T )− 2f(R, T ) = (8pi − fT (R, T ))T − fT (R, T )Θ (6)
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where Θ = gijΘij .
From Eqs (4) and (6), the f(R, T ) gravity field equations takes the form
fR(R, T )
(
Rij − 1
3
Rgij
)
+
1
6
f(R, T )gij =
8pi − fT (R, T )
(
Tij − 1
3
Tgij
)
− fT (R, T )
(
Θij − 1
3
Θgij
)
+∇i∇jfR(R, T ) (7)
It is worth mentioning here that the physical nature of the matter field through Θij
is used to form the field equations of f(R, T ) gravity. To construct different kinds
of cosmological models according to the choice of matter source, Harko et al. [30]
constructed three types of f(R, T ) gravity as presented below
f(R, T ) =

R+ 2f(T )
f1(R) + f2(T )
f1(R) + f2(R)f3(T )
(8)
The individual field equations for each frames of f(R, T ) gravity is given as
Case-I: f(R, T ) = R+ 2f(T )
Rij − 1
2
Rgij = 8piTij − 2f ′(T )Tij − 2f ′(T )Θij + f(T )gij (9)
Case-II: f(R, T ) = f1(R) + f2(T )
f ′1(R)Rij −
1
2
f1(R)gij + (gij−∇i∇j)f1(R)
= 8piTij − 2f ′2(T )Tij − 2f ′2(T )Θij +
1
2
f2(T )gij (10)
Most of the researchers constructed cosmological models in the presence of perfect
fluid matter to analyse the accelerated expansion of the universe. Recent observa-
tions provide the evidence for the accelerated expansion of the universe due to the
presence of an unknown form of energy (dark energy) having negative pressure. On
that account, we need to construct a cosmological model for expanding universe
without considering dark energy and dark matter, while choosing most reliable
matter component. It is believed that the cosmic viscosity acts as the dark energy
candidate which may play an important role in causing the accelerated expansion of
the universe by consuming negative effective pressure [37]. At present, there is great
interest in formulating the cosmological model with dissipative fluid matter rather
than with dust (a pressure-less distribution) or with a perfect fluid matter, which
gives more realistic model instead of others and most effective to pay attention to
the dynamical background of homogeneous and isotropic universe. It is commonly
accepted that, in the early phase of the universe, the matter behaved like a viscous
fluid during the neutrino decoupling in radiation era [38,39,40]. The nature of singu-
larity occurred for perfect fluid can be modified through the dissipative mechanism
of viscous fluid. This viscous fluid cosmological model helps to explain the matter
distribution on the large entropy per baryon in the present universe. Also, the phase
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transition and string creation are involved with viscous effects as per the Grand
Unified Theories (GUT). It has been found that the mixture of minimally coupled
self-interacting scalar field can successfully derive an accelerated expansion of the
universe, while the same mixture with perfect fluid unable to do it [41]. Hence,
many cosmological models with viscous fluid in the early universe have been widely
discussed in the literature [42,43,44,45,46].
Again, observations have been conducted to obtain the homogeneity and isotropic
properties of the universe. It is believed that at the end of the inflationary era, the
geometry of the universe was homogeneous and isotropic [47], where the FLRW
models played an important role is representing both spatially homogeneous and
isotropic universe. But the theoretical argument and the anomalies found in CMB
provide the evidence for the existence of an anisotropic phase, which is later called
isotropic one. After the announcement of Plank probe results [48], it is believed
that the early universe may not have been exactly uniform. Thus, the existence
of inhomogeneous and anisotropic properties of the universe has gained popular-
ity when it comes to constructing cosmological models under the supervision of
anisotropic background. Therefore, Bianchi type models are very relevant for de-
scribing the early universe with the anisotropic background. Due to some analytical
difficulties in studying the inhomogeneous models, many researchers considered the
Bianchi type models for investigating the cosmic evolution of the early universe as
they are homogeneous and anisotropic. There exist nine types (I − IX) of Bianchi
space-times in literature. Here, we consider Bianchi type-I space-time, as it is the
simplest spatially homogeneous and anisotropic. It is also known as the immediate
generalization of the FLRW flat metric with different scale factors in each spatial
direction. In some special cases, the Bianchi type-I models include Kasner metric,
which helps to govern the dynamics near the singularity. The Bianchi type-I cos-
mological models are more compatible with the simplest mathematical form which
attracts various researcher to study different aspects. The nature of Bianchi type-I
cosmological model has been studied in the context of a viscous fluid. It has been
observed that viscosity can cause the qualitative behaviour of solutions near the
singularity without removing the total initial big bang singularity [49]. Recently, the
bulk viscous matter content has been discussed along with cosmological constant
in the framework of Bianchi type-I space time [50]. Later, the spatially homoge-
neous anisotropic Bianchi type-I model with bulk viscous fluid matter was studied
with the assumption of constant deceleration parameter in the framework of f(R, T )
gravity theory through the explanation of the energy conditions [51,52,53,54,55,56].
This work is motivated by the aforesaid literature. The study is presented in dif-
ferent sections. Section-I deals with the basic formalism of f(R, T ) gravity field
equations from Einstein-Hilbert action along with some essential literature review.
In section-II, we derive the exact solution of both the cases of f(R, T ) gravity
(f(R, T ) = R+ 2f(T ) and f(R, T ) = f1(R) + f2(T )) for the spatially homogeneous
anisotropic Bianchi type-I space-time with the help of time varying deceleration
parameter. The energy density, bulk viscous pressure, bulk viscous coefficient, the
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trace of matter, Ricci scalar, the energy conditions are derived and their graphical
representations are also discussed in this section. In section-III, physical parameters
of both the models are presented. The detail discussion of the figures are covered
in section-IV. The last section contains the conclusion of the covered study.
2. Field equations and Solutions
We consider the spatially homogeneous LRS Bianchi type-I metric as
ds2 = dt2 −A2dx2 −B2(dy2 + dz2) (11)
where A,B are functions of cosmic time t only.
The energy momentum tensor for bulk viscus fluid is considered in the form
Tij = (ρ+ p)uiuj − pgij (12)
where ui = (0, 0, 0, 1) is the four velocity vector in co-moving coordinate system
satisfying uiuj = 1,
p = p− 3ξH (13)
is the bulk viscous pressure which satisfies the linear equation of state p = γρ, 0 ≤
γ ≤ 1, ξ is the bulk viscous coefficient, H is Hubble’s parameter, p is pressure and
ρ is the energy density.
The trace of energy momentum tensor is given as
T = ρ− 3p (14)
2.1. Case-I: f(R, T ) = R+ 2f(T )
The field equation (9) with f(T ) = αT , where α is an arbitrary constant for the
metric (11) is obtained as
−2 B¨
B
− B˙
2
B2
= (8pi + 3α)p− αρ (15)
− A¨
A
− B¨
B
− A˙B˙
AB
= (8pi + 3α)p− αρ (16)
2
A˙B˙
AB
+
B˙2
B2
= (8 + 3α)ρ− αp (17)
Dot represent derivatives with respect to time t.
The deceleration parameter (DP) is defined as
q = −aa¨
a˙2
(18)
where, a is the average scale factor.
We have three equations (15-17) involving four parameters as A,B, p & ρ. In order
to solve these equations, we assume the time varying deceleration parameter as
q = −1 + β
1 + aβ
(19)
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where, β > 0 is a constant.
The Hubble’s parameter is defined as H = a˙a , and from above equation we obtain
H =
a˙
a
= 1 + a−β (20)
where, the integrating constant is assumed as unity. Integrating (20) we have found
a = (eβt − 1) 1β (21)
Setting a(t) = 1(1+z) , where z is the redshift, leads to relation
t =
log
((
1
z+1
)B
+ 1
)
B
(22)
The corresponding q(z) is obtained as
q =
B(
1
z+1
)B
+ 1
− 1 (23)
The deceleration parameter describes the evolution of the universe . The cosmolog-
ical models of the evolving universe transits from early decelerating phase (q > 0)
to current accelerating phase (q < 0). Whereas, the models can be classified on the
basis of the time dependence of DP. Recent observations like SNe Ia [5] and CMB
anisotropy [57] confirmed that the present universe is undergoing an accelerated
phase of expansion and the value lies in between −1 ≤ q ≤ 0. Fig-1 depicts the
behavior of deceleration parameter with respect to redshift, in which the value of
q lies in specified range of accelerating phase. The transition phase of deceleration
parameter from deceleration to acceleration occurs at some transition redshift ztr
which is completely decided by the parameter β. In this work, we have considered
three representative values of β i.e. 1.4772, 1.5 and 1.55 corresponding to ztr = 0.65,
0.5874 and 0.4706 respectively. The values of transition redshift ztr for our model
are agreeing with the observational data [58,59,60]. The transition from deceleration
to acceleration phase in f(R, T ) gravity with polynomial function of T is discussed
by Moraes et al. [61]. Our first case clearly shows that the model is completely
under accelerated phase which is conformity with observational data.
The volume is defined as V = a3 = AB2. Using (21) in this relation, the values
of the metric potentials A,B are obtained as
A = (eβt − 1) 2β (24)
B = (eβt − 1) 12β (25)
Consequently metric (11) takes the form
ds2 = dt2 − (eβt − 1) 4β dx2 − (eβt − 1) 1β (dy2 + dz2) (26)
Solving the field equations (15-17), the values of ρ and p are obtained as
ρ =
1
(8pi + 3α)2 − α2
[(
18pi+
3α
2
+
5αβ
2
)
e2βt(eβt−1)−2− 5αβ
2
eβt(eβt−1)−1
]
(27)
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β = 1.4772β = 1.5β = 1.55
-1 0 1 2 3 4-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
z
q
Fig. 1. q vs. redshift with different β.
p =
−1
(8pi + 3α)2 − α2
[(
42pi +
27α
2
− 5(8pi + 3α)β
2
)
e2βt(eβt − 1)−2
+
5(8pi + 3α)β
2
eβt(eβt − 1)−1
]
(28)
We can observe that the energy density remains positive throughout the evolution
of the universe and is a decreasing function of cosmic time t. It starts with a
positive value and approaches to zero as t→∞. The bulk viscous pressure p is an
increasing function of time, which begins from a large negative value and tends to
zero at present epoch. As per the observation, the negative pressure is due to DE
in the context of accelerated expansion of the universe. Hence, the behavior of bulk
viscous pressure in our model is agreed with this observation.
The coefficient of bulk viscosity ξ and the pressure are obtained as
ξ =
1
(8pi + 3α)2 − α2
[(
2pi(3γ+7)+
α(γ + 9)
2
− 5β(αγ − 8pi − 3α)
6
)
eβt(eβt−1)−1
− 5β(αγ − 8pi − 3α)
6
]
(29)
p = γρ =
γ
(8pi + 3α)2 − α2
[(
18pi+
3α
2
+
5αβ
2
)
e2βt(eβt−1)−2− 5αβ
2
eβt(eβt−1)−1
]
(30)
Figure 4, indicates that the bulk viscous coefficient ξ is positive through out the
universe and becomes finite as t→∞ for our model.
The energy conditions are some alternative conditions for matter content of the
theory. In general relativity (GR), the role of these energy conditions is to prove
the theorems about the existence of space-time singularity and black holes [62]. The
energy conditions are used in many approaches to understand the evolution of the
universe. Here, we discussed some of the most popular energy conditions for this
model. The weak energy conditions (WEC), dominant energy conditions (DEC)
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β = 1.4772β = 1.5β = 1.55
0 2 4 6 8 10
0.075
0.080
0.085
0.090
0.095
0.100
0.105
t
ρ
Fig. 2. ρ vs. time with α = 1 and different β.
β = 1.4772β = 1.5β = 1.55
0 2 4 6 8 10
-0.23
-0.22
-0.21
-0.20
-0.19
t
p-
Fig. 3. p vs. time with α = 1 and different β.
β = 1.4772β = 1.5β = 1.55
0 2 4 6 8 10
0.160
0.165
0.170
0.175
0.180
0.185
t
ξ
Fig. 4. ξ vs. time with α = 1, γ = 0.5 and different β.
and strong energy conditions (SEC) are given as
ρ > 0, ρ− p > 0 (WEC) (31)
ρ+ p > 0 (DEC) (32)
ρ+ 3p > 0 (SEC) (33)
These are used in various aspects through their own importance. For example, the
DEC gives an idea about the stability of matter source and imposes the dark en-
ergy along with equation of state parameter ω for lower bound ω ≥ −1, which may
cause Big Rip [63]. SEC violation is a typical trait of a positive cosmological con-
stant Λ [64]. Finally, WEC shows that the matter-energy is always non-negative.
In f(R, T ) gravity, the matter support of wormholes is examined by the behavior
of energy conditions and the nature of solution for FRW model with perfect fluid
matter is studied through energy conditions [65,66]. According to the predefined lit-
erature, one can consider the energy conditions to be useful to analyze the behavior
of cosmological solutions throughout the universe. Therefore, we dealt with some
well-known energy conditions like WEC, DEC and SEC to observe our solutions
in both of the cases. Figures(5-7) show the behavior of WEC, DEC, and SEC with
the proper choice of constants respectively.
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Fig. 5. Behaviour of WEC versus t and β with
α = 1, γ = 0.5.
Fig. 6. Behaviour of DEC versus t and β with
α = 1, γ = 0.5.
Fig. 7. Behaviour of SEC versus t and β with α = 1, γ = 0.5.
From figures 5-7, it is observed that all the energy conditions are satisfied for
this model.
The values of Ricci scalar R and the trace of matter source T are obtained as
R = −
[
2A¨
A
+
4B¨
B
+
4A˙B˙
AB
+
B˙2
B2
]
=
(
6β−27
2
)
e2βt(eβt−1)−2−6βeβt(eβt−1)−1 (34)
T = ρ− 3p = 1
(8pi + 3α)2 − α2
[
(144pi + 42α− (60pi + 20α)β)e2βt(eβt − 1)−2
+ (60pi + 20α)βeβt(eβt − 1)−1
]
(35)
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Using the above equations, the function f(R, T ) is obtained as
f(R, T ) =
(
6β − 27
2
+
(288− 120β)αpi + 48α2 − 40α2β
(8pi + 3α)2 − α2
)
e2βt(eβt − 1)−2
+
(
120piα+ 40α2β
(8pi + 3α)2 − α2 − 6β
)
eβt(eβt − 1)−1 (36)
Fig. 8. Behaviour of f(R, T ) versus t and β with α = 1.
Fig. 8 shows the behaviour of the function f(R, T ) for this model.
2.2. Case-II: f(R, T ) = f1(R) + f2(T )
In this case we assumed f1(R) = µR and f2(T ) = µT , where µ is an arbitrary
constant. The corresponding field equations in the general form is
Rij − 1
2
Rgij =
(
8pi + µ
µ
)
Tij +
(
p+
1
2
T
)
gij = χTij +
(
p+
1
2
T
)
gij (37)
where χ =
(
8pi+µ
µ
)
. The set of field equations for the metric (11) are
−2 B¨
B
− B˙
2
B2
=
(
χ+
1
2
)
p− 1
2
ρ (38)
− A¨
A
− B¨
B
− A˙B˙
AB
=
(
χ+
1
2
)
p− 1
2
ρ (39)
2
A˙B˙
AB
+
B˙2
B2
=
(
χ+
1
2
)
ρ− 1
2
p (40)
The above set of field equations (38-40) admits the same solutions (24) and (25) as
obtained in the previous case. Using the metric potentials from (24) and (25), the
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values of energy density ρ and bulk viscous pressure p are
ρ =
1(
χ+ 12
)2
− 14
[(
9χ− 6
4
+
5β
4
)
e2βt(eβt − 1)−2 − 5β
4
eβt(eβt − 1)−1
]
(41)
p =
−1(
χ+ 12
)2
− 14
[(
21χ+ 6
4
− 5β
2
(
χ+
1
2
))
e2βt(eβt − 1)−2
+
5β
2
(
χ+
1
2
)
eβt(eβt − 1)−1
]
(42)
Fig. 9 shows that the energy density ρ is decreasing function of time and remains
always positive. It converges to zero as t → ∞. Fig. 10 depicts the variation of p
versus cosmic time t. It is observed from the figure that bulk viscous pressure is
increasing function of time from a large negative value and is approaching to zero
at present time.
For this case, the values of bulk viscosity coefficient ξ and effective pressure p are
ξ =
γρ− p
3H
=
1(
χ+ 12
)2
− 14
[(
9γ + 21− 10β
12
χ+
(5β − 6)(γ − 1)
12
)
eβt(eβt−1)−1
− 5γβ
12
+
5β
6
(
χ+
1
2
)]
(43)
p = γρ =
γ(
χ+ 12
)2
− 14
[(
9χ− 6
4
+
5β
4
)
e2βt(eβt−1)−2− 5β
4
eβt(eβt−1)−1
]
(44)
As suggested in figure 11, the bulk viscosity coefficient is constant throughout
the universe as required.
The weak energy conditions (WEC), dominant energy conditions (DEC) and strong
energy conditions (SEC) for this model are plotted below.
Figures 12-14, show that the energy conditions are completely agreed with GR.
We can obtain the trace of matter T for this model as
T = ρ− 3p = 1
(χ+ 12 )
2 − 14
[((
36− 15β
2
)
χ− 12− 10β
4
)
eβt(eβt − 1)−2
+
(
15βχ
2
− 10β
4
)
βeβt(eβt − 1)−1
]
(45)
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β = 1.4772β = 1.5β = 1.55
0 2 4 6 8 10
0.28
0.30
0.32
0.34
0.36
0.38
0.40
t
ρ
Fig. 9. ρ vs. time with µ = 5 and different β.
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Fig. 10. p vs. time with µ = 5 and different β.
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Fig. 11. ξ vs. time with µ = 5 and different β
The relation f(R, T ) for the above case is obtained in the form
f(R, T ) =
(
6β − 13.5 + (18− 7.5β)χ− 2.5β + 3
(χ+ 12 )
2 − 14
)
µe2βt(eβt − 1)−2
+
(
7.5βχ− 2.5β
(χ+ 12 )
2 − 14
− 6β
)
µeβt(eβt − 1)−1 (46)
Fig. 15 shows the behaviour of f(R, T ) for f(R, T ) = f1(R) + f2(T ) model.
3. Physical properties of the models
The rate of expansion of the universe with respect to time is defined by Hubble’s
parameter as well as deceleration parameter. For detail kinematical descriptions of
the cosmological expansions can be obtained by taking in account of some extended
set of parameters having higher order time derivatives of the scale factor.
The spatial volume turns out to be
V = AB2 = (eβt − 1) 3β (47)
The above equation indicates that in both the models the spatial volume is zero at
initial time t = 0. It shows that the evolution of our universe starts with big bang
scenario. It is further noted that from (21) the average scale factor becomes zero
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Fig. 12. Behaviour of WEC versus t and β with
µ = 5.
Fig. 13. Behaviour of DEC versus t and β with
µ = 5.
Fig. 14. Behaviour of SEC versus t and β with µ = 5.
at the initial epoch. Hence, both models have a point type singularity [67]. The
spatial volume increases with time.
The Hubble’s parameter H, expansion scalar θ and shear scalar σ2 become
H =
1
3
(H1 + 2H2) = e
βt(eβt − 1)−1 (48)
θ = 3H = 3eβt(eβt − 1)−1 (49)
σ2 =
1
2
(
H21 + 2H
2
2 −
θ2
3
)
=
3
4
e2βt(eβt − 1)−2 (50)
From the above equations, we can observe that the Hubble factor, scalar expansion
and shear scalar diverge at t = 0 and they become finite as t→∞. It is noted here
that the isotropic condition σ
2
θ2 becomes constant (from early to late time), which
shows that the model does not approach isotropy throughout the evolution of the
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Fig. 15. Behaviour of f(R, T ) versus t and β with µ = 5.
universe. The anisotropy parameter
∆ =
1
3
3∑
i=1
(
Hi −H
H
)2
= 6
(
σ
θ
)2
=
1
2
(51)
The anisotropic parameter becomes constant for our models. From the above men-
tioned equation it can be observed that our models are expanding and accelerating
universe which starts at a big bang singularity.
Jerk parameter:
The jerk parameter is considered as one of the important quantity for describing
the dynamics of the universe. The models close to ΛCDM can be described by the
cosmic jerk parameter j [68,69]. For flat ΛCDM model the value of jerk is j = 1
[70]. Jerk parameter is a dimensionless third derivative of scale factor a with respect
to cosmic time t and is defined as
j =
a2
a˙3
d3a
dt3
(52)
The above expression can be written in terms of deceleration parameter as
j = q + 2q2 − q˙
H
(53)
Thus, the jerk parameter for our models is
j = 1− 3βe−βt + 2β2e−2βt + β2e−2βt(eβt − 1) (54)
From the Fig. 16, it is clear that our value does not overlap with the value
j = 2.16+0.81−0.75 obtained from combination of three kinematical data sets: the gold
sample data of type Ia supernovae [71], the SNIa data obtained from the SNLS
project [72], and the X-ray galaxy cluster distance measurements [70]. We have
plotted the jerk parameter for different values of β in Fig. 16. One can observe that
the jerk parameter remains positive through out the universe and is equal to the
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β = 1.4772β = 1.5β = 1.55
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Fig. 16. Behaviour of Jerk parameter versus t with different β.
ΛCDM model at t ≥ 5.5 for the considered values of β. It is interesting to note that
our model is close to ΛCDM model for the following set of values as presented in
table-I.
r − s parameter:
The state-finder pair {r, s} is defined as [73]
r =
...
a
aH3
, s =
r − 1
3(q − 12 )
(55)
The state-finder pair is a geometrical diagnostic parameter, which is constructed
from a space-time metric directly, and it is more universal compared to physical
variables, which depend on the properties of physical fields describing DE, since
physical variables are model dependent. For the flat ΛCDM model the state-finder
pair obtained as {r, s} = {1, 0} [74]. The values of the state-finder parameter for
our model are
r = 1− 3βe−βt + 2β2e−2βt + β2e−2βt(eβt − 1) (56)
s =
1
6β − 9eβt
[
2β2e−βt(eβt − 1) + 4β2e−βt − 6β
]
(57)
From the expressions of r and s parameters, we found that {r, s} = {1, 0} only
when t = 1β ln
(
β
3−β
)
. The variation of β and t for {r, s} = {1, 0} is presented in
table-I. For the set of values of (β, t) our models represents ΛCDM models, which
are presented in table-I. The r− s trajectory of our models is presented in the Fig.
17. From the above table-I, it is observed that at initial epoch t = 0 the parameter
r becomes unity and s becomes finite and diverges for β = 1.5.
4. Discussion
It is well known that the standard ΛCDM (cosmological constant Λ+Cold Dark
Matter) model fits well to the currently available observational data. The most
November 5, 2018 17:9 WSPC/INSTRUCTION FILE IJGMMP-D-17-
00046
Anisotropic cosmological models in f(R, T ) gravity with variable deceleration parameter 17
β t = 1β ln
(
β
3−β
)
r s
1.5 0 1 ∞
1.6 0.08345 1 −1.458333324× 10−9 ≈ 0
1.7 0.15780 1 0
1.8 0.22525 1 0
1.9 0.28765 1.000000002 ≈ 1 0
2 0.5ln(2) 1 0
Table 1. Variation of β and t for {r, s}
ΛCDM
β = 1.4772β = 1.5β = 1.55
-0.2 -0.1 0.0 0.1 0.2 0.30.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
s
r
Fig. 17. r vs. s.
recent data from Planck+BAO+JLA+H0 yields the matter density parameter
Ωm = 0.3089 in the ΛCDM model [1]. Using this value, we find that the ΛCDM
universe transits from deceleration to acceleration at the redshift ztr = 0.65. In
our models, it corresponds to β = 1.4772 as may be seen in Figure 1, where we
show the variation of deceleration parameter vs redshift for β = 1.4772. Thus the
models present here have a transition from deceleration to acceleration with tran-
sition redshift ztr satisfying the observational data. Figure 2 and Figure 9 depict
the variation of energy density against time in presence of different parameters as
presented in the figure for case-I and case-II respectively. The figures indicate that,
in both the cases energy density is positive valued and decreasing function of time.
It is also approaching zero with the evolution of time. The variation of bulk viscous
pressure and coefficient of bulk viscosity is presented in the Figure 3 and Figure 10
and Figure 4 and Figure 11 for case-I and case-II respectively. From the figures, we
noticed that bulk viscous pressure and coefficient of bulk viscosity are negative and
positive valued function of time respectively. Also, the coefficient of bulk viscosity
decreases with the evolution of time and maintains a constant rate after t > 4. The
variation of energy conditions against time for both the cases is presented from Fig-
ure 5 to Figure 7 and Figure 12 to Figure 14 respectively. In both the cases, energy
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conditions (WEC, SEC, DEC) are satisfied. All the physical parameters presented
in both the cases follow the same quantitative behaviour as that of observational
data.
5. Conclusion
In this article, we have investigated the LRS Bianchi type I cosmological model
in presence of bulk viscosity in the framework of f(R, T ) gravity. According to the
choice of f(R, T ) we have presented two cosmological models. The exact solutions of
the modified Einstein’s field equations are obtained under the choice of deceleration
parameter of the form (19). The observations of both the models are as follows:
• Both the models presented here are accelerating and the expanding Uni-
verse models follow an exponential expansion.
• Energy density and coefficient of bulk viscosity are positive valued and
decreasing function of time in both the cases and also ρ→ 0 when t→∞.
• Bulk viscosity pressure (p¯) is negative valued in both the cases.
• Energy conditions (SEC, WEC, DEC) are satisfied for both cases.
• Jerk parameter and state-finder trajectory in the r − s plane are close to
ΛCDM model.
6. Acknowledgements
We are very indebted to the editor and the anonymous referee for illuminating
suggestions that have significantly improved our paper in terms of research quality
as well as presentation.
References
[1] P. A. R. Ade et al. (Planck Collaboration), Planck 2015 results. XIII. Cosmological
parameters, A&A, 594 (2016) A13, arXiv:1502.01589.
[2] S. Allam et al. (BOSS Collaboration), The clustering of galaxies in the completed
SDSS-III Baryon Oscillation Spectroscopic Survey: cosmological analysis of the DR12
galaxy sample, arXiv:1607.03155.
[3] S Naess et al. (ACTPol Collaboration), The Atacama Cosmology Telescope: CMB
Polarization at 200 < l < 9000, JCAP, 1410 (2014) 10, arXiv:1405.5524.
[4] P. M. Garnavich, et al., Constraints on cosmological models from Hubble space Tele-
scope observations of High-z supernovae., Astrophys. J., 493 (1998) L53.
[5] A. G. Riess et al., Observational evidence from supernovae for an accelerating universe
and cosmological constant., Astron. J., 116 (1998) 1009.
[6] S. Perlmutter et al., Measurements of Omega and Lambda from 42 High-Redshift
supernovae, Astrophys. J., 517 (1999) 565.
[7] P. M. Garnavich, et al., Supernovae limits on the cosmic equation of state, Astrophys.
J.,509 (1998) 74-79.
[8] S. Perlmutter, et al., Measurements of the cosmological parameters Omega and
Lambda from the first 7 supernovae at z >= 0.35, Astrophys. J. 483 (1997) 565.
[9] P. S. Letelier, String cosmologies., Phys. Rev. D, 28 (1983) 2414.
November 5, 2018 17:9 WSPC/INSTRUCTION FILE IJGMMP-D-17-
00046
Anisotropic cosmological models in f(R, T ) gravity with variable deceleration parameter 19
[10] D. N. Spergel et al., First year Wilkinson Microwave Anisotropy probe (WMAP)
observations: Determination of cosmological parameters, Astrophys. J. Suppl., 148
(2003) 175-194, arXiv:astro-ph/0302209.
[11] D. N. Spergel et al., Wilkinson Microwave Anisotropy probe (WMAP) Three years
Results:Implications for cosmology., Astrophys. J. Suppl., 170 (2007) 377, arXiv:astro-
ph/0603449.
[12] M. Tegmark et al., Cosmological parameters from SDSS and WMAP., Phys. Rev. D,
69 (2004) 103501.
[13] S. F. Daniel et al., Large scale structure as a probe of gravitational slip, Phys. Rev.
D 77 (2008) 103513, arXiv:0802.1068.
[14] R. R. Caldwell, M. Doran, Bianchi Type-IX magnetized dark energy model in Saez-
Ballestar theory of gravitation, Phys. Rev. D, 69 (2004) 103517.
[15] Z. Y. Huanget al., Holographic explanation of wide-angle power correlation suppres-
sion in the cosmic microwave background radiation, J. Cosmol. Astropart. Phys., 05
(2006) 013.
[16] R. R. Caldwell, et al., Sudden gravitational transition, Phys. Rev. D, 73 (2006)
023513.
[17] J. T. Nielsen, A. Guffanti, S. Sarkar, Marginal evidence for cosmic acceleration from
Type Ia supernovae, Sci. Rep., 6 (2016) 35596, arXiv:1506.01354.
[18] H. Shariff, X. Jiao, R. Trotta, D.A. van Dyk, BAHAMAS: new SNIa analy-
sis reveals inconsistencies with standard cosmology, Astrophys. J., 827 (2016) 1,
arXiv:1510.05954.
[19] P. A. R. Ade et al. (Plank Collabaration) Planck 2013 results. XVI. Cosmological
parameters, arXiv:1303.5076.
[20] S. Capozziello, Curvature quintessence., Int. J. Mod. Phys. D, 11, (2002) 483-492.
[21] S. M. Caroll, V. Duvvuri, M. Trodden, M. S. Turner, Is cosmic speed-up due to new
gravitational physics?, Phys. Rev. D, 70 (2004) 043528.
[22] A. D. Dolgov, M. Kawasaki, Can modified gravity explain accelerated cosmic expan-
sion?, Phys. Lett. B, 573 (2003) 1.
[23] S. Nojiri, S. D. Odintsov, Modified gravity with negative and positive powers of
curvature: Unification of inflation and cosmic acceleration, Phys. Rev. D, 68 (2003)
123512.
[24] S. Nojiri, S. D. Odintsov, The minimal curvature of the universe in modified gravity
and conformed anomaly resolution of the instabilities, Mod. Phys. Lett. A ,19 (2004)
627-638.
[25] M. C. B. Abdalla, S. Nojiri, S. D. Odintsov, Consistent modified gravity: dark energy,
acceleration and the absence of cosmic doomsday, Class. Quant. Grav. 22 (2005) L35,
arXiv:hep-th/0409177.
[26] O. Mena, J. Santiago, J. Weller, Constraining Inverse-Curvature Gravity with Su-
pernovae, Phys. Rev. Lett. 96 (2006) 041103, arXiv:astro-ph/0510453.
[27] K. Bamba, S. Nojiri, S. D. Odintsov, The future of the universe in modified gravi-
tational theories: approaching a finite-time future singularity, J. Cosmol. Astropart.
Phys. 0810 (2008) 045.
[28] O. Betrolami, C. G. Boehmer, T. Harko, F. S. N. Lobo, Extra force in f(R) modified
theories of gravity, Phys. Rev. D, 75 (2007) 104016.
[29] S. Nojiri, S. D. Odintsov, Unified cosmic history in modified gravity: from F (R) the-
ory to Lorentz non-invariant models, Phys. Rept., 505, (2011) 59-144, arXiv:1011.0544.
[30] T. Harko, F. S. N. Lobo, S. Nojiri, S. D. Odintsov, f(R, T ) gravity, Phys. Rev. D,
84 (2011) 024020.
[31] R. Myrzakulov, L. Sebastiani, S. Vagnozzi, Inflation in f(R,φ)-theories and mimetic
November 5, 2018 17:9 WSPC/INSTRUCTION FILE IJGMMP-D-17-
00046
20 P.K. Sahoo, Parbati Sahoo, Binaya K. Bishi
gravity scenario, Eur. Phys. J. C, 75 (2015) 444. arXiv:1504.07984.
[32] L Sebastiani, R Myrzakulov, F (R)-gravity and inflation, Int. J. Geom. Meth. Mod.
Phys., 12, (2015) 1530003, arXiv:1506.05330.
[33] M. J. S. Houndjo, Reconstruction of f(R, T ) gravity describing matter dominated
and accelerated phases, Int. J. Mod. Phys. D, 21 (2012) 1250003.
[34] P. K. Sahoo, B. Mishra, G. C. Reddy, Axially symmetric cosmological model in
f(R, T ) gravity., Eur. Phys. J. Plus, 129 (2014) 49.
[35] P. K. Sahoo, B. Mishra, Kaluza-Klein dark energy model in the form of wet dark
fluid in f(R, T ) gravity Can. J. Phys. 92 (2014) 1062-1067.
[36] P.H.R.S. Moraes, R.A.C. Correa, G. Ribeiro, The Starobinsky model within the
f(R, T ) formalism as a cosmological model, arXiv:1701.01027.
[37] W. Zimdahl et al., Cosmic antifriction and accelerated expansion., Phys. Rev. D, 64
(2001) 063501.
[38] C. W. Misner, Transport Processes in the Primordial Fireball, Nature, 214 (1967)
40-41.
[39] C. W. Misner, The Isotropy of the Universe, Astrophys. J., 151 (1968) 431-457.
[40] Z. Klimek, Entropy per particle in the early Bianchi type-I Universe Il Nuovo Cimento
B, 35 (1976) 249-258.
[41] L. P. Chimento, S. J. Alejandro, D. Pavon, Enlarged quintessence cosmology Phys.
Rev. D, 62 (2000) 063508.
[42] G. P. Singh, A.Y.Kale, Anisotropic bulk viscous cosmological models with particle
creation, Astrophysics and Space Science, 331 (2011) 207-219.
[43] A. K. Yadav, A. Pradhan, A. K. Singh, Bulk viscous LRS Bianchi-I Universe with
variable G and decaying Λ, Astrophysics and Space Science, 337 (2012) 379-385.
[44] M. Jamil, D Momeni, M. Raza, R. Myrzakulov, Reconstruction of some cosmological
models in f(R, T ) cosmology, Eur. Phys. J. C, 72 (2012) 1999.
[45] C. P. Singh, S. Kumar, A. Pradhan, Early viscous universe with variable gravitational
and cosmological constants, Class. Quantum Grav. 24 (2007) 455.
[46] M. G. Hu, X. H. Meng, Bulk viscous cosmology: statefinder and entropy, Phys. lett.
B 635 (2006) 186-194.
[47] A. D. Linde, Inflationary Cosmology, Lect. Notes Phys. 738 (2008) 1-54.
[48] P. A. R. Ade, et al. (Planck Collaboration), Planck 2013 results. XVI. Cosmological
parameters, Astron. Astrophys. 571 (2014) A16.
[49] V. A. Belinskii, I. M. Khalatnikov, Influence of viscosity on the character of cosmo-
logical evolution, Sov. Phys. JETP 42 (1975) 205.
[50] R. Bali, J. P. Singh, Bulk Viscous Bianchi Type I Cosmological Models with Time-
Dependent Cosmological Term Λ, Int. J. Theor. Phys, 47 (2008) 3288-3297.
[51] C. P. Singh, S. Kumar, Viscous Fluid Cosmology in Bianchi Type-I Space-Time, Int.
J. Theor. Phys. 48 (2009) 925-936.
[52] J. C. Fabris, S. V. B. Goncalves, R. S. Rebeiro, Bulk viscosity driving the acceleration
of the Universe, Gen. Relativ. Gravit. 38 (2006) 495-506.
[53] B. Saha, Nonlinear spinor field in Bianchi type-I Universe filled with viscous fluid:
numerical solutions, Astrophysics and Space Science 312 (2007) 3-11.
[54] M. Sharif, M. Zubair, Dynamics of a magnetized Bianchi V I0 universe with
anisotropic fluid, Astrophysics and Space Science 339 (2012) 45-51.
[55] M. Sharif, M. Zubair, Energy conditions constraints and stability of power law solu-
tions in f(R, T ) gravity, J. Phys. Soc. Jpn. 82 (2012) 014002.
[56] M. Sharif, M. Zubair, Study of Bianchi I anisotropic model in f(R, T ) gravity, As-
trophysics and Space Science, 349 (2014) 457-465.
[57] C. L. Bennet et al., First-Year Wilkinson Microwave Anisotropy Probe (WMAP)
November 5, 2018 17:9 WSPC/INSTRUCTION FILE IJGMMP-D-17-
00046
Anisotropic cosmological models in f(R, T ) gravity with variable deceleration parameter 21
Observations: Preliminary Maps and Basic Results, Astrophys. J. Suppl. 148 (2003)
1, arXiv:astro-ph/0302207.
[58] S. Capozziello, O. Farooq, O. Luongo, B. Ratra, Cosmographic bounds on the cos-
mological deceleration-acceleration transition redshift in f(R) gravity, Phys. Rev. D,
90 (2014) 044016, arXiv:1403.1421.
[59] S. Capozziello, O. Luongo, E. N. Saridakis, Transition redshift in f(T ) cosmology
and observational constraints, Phys. Rev. D, 91, (2015) 124037, arXiv:1503.02832.
[60] Omer Farooq, Foram Madiyar, Sara Crandall, Bharat Ratra, Hubble parame-
ter measurement constraints on the redshift of the deceleration-acceleration tran-
sition, dynamical dark energy, and space curvature, Astrophys. J., 835 (2017) 26,
arXiv:1607.03537.
[61] P.H.R.S. Moraes, G. Ribeiro, R.A.C. Correa, A transition from a decelerated to
an accelerated phase of the universe expansion from the simplest non-trivial polyno-
mial function of T in the f(R, T ) formalism, Astrophys Space Sci., 361 (2016) 227,
arXiv:1602.07159.
[62] R. M. Wald, General Relativity, (Chicago, IL: University of Chicago Press, 1984).
[63] S. M. Carroll, M. Hoffman, M. Trodden, Can the dark energy equation-of-state pa-
rameter w be less than 1?, Phys. Rev. D, 68, (2003) 023509, arXiv:astro-ph/0301273.
[64] K. Lake, Class. Quantum Gravity 21, (2004) LI29, arXiv:gr-qc/0407107.
[65] M. Zubair, S. Waheed, Y.Ahmad, Static spherically symmetric wormholes in f(R, T )
gravity, Eur. Phys. J. C 76 (2016) 444.
[66] M. Sharif, S. Rani, R. Myrzakulov, Analysis of f(R, T ) gravity models through energy
conditions, Eur. Phys. J. Plus 128 (2013) 123.
[67] M. A. H. MacCallum, A class of homogeneous cosmological models III: Asymptotic
behaviour, Commun. Math. Phys., 20 (1971) 57-84.
[68] V. Sahni, Exploring dark energy using the Statefinder, astro-ph/0211084.
[69] M. Visser, Cosmography: Cosmology without the Einstein equations, Gen. Relativ.
Grav., 37 (2005) 1541-1548.
[70] D. Rapetti, S. W. Allen, M. A. Amin, R. D. Blandford, A kinematical approach to
dark energy studies, Mon. Not. R. Astron. Soc., 375 (2007) 1510-1520, arXiv:astro-
ph/0605683.
[71] A. G. Riess et al., Type Ia Supernova Discoveries at z > 1 From the Hubble Space
Telescope: Evidence for Past Deceleration and Constraints on Dark Energy Evolution,
Astrophys. J., 607 (2004) 665-687.
[72] P. Astier et al., The Supernova Legacy Survey: measurement of ΩM ,ΩΛ and ω from
the first year data set, Astron. Astrophys., 447 (2006) 31-48.
[73] V. Sahni, T. D. Saini, A. A. Starobinsky, U. Alam, StatefinderA new geometrical
diagnostic of dark energy, JETP Lett. 77, (2003) 201-206.
[74] C. J. Feng, Statefinder diagnosis for Ricci dark energy, Phys. Lett. B 670, (2008)
231-234.
